Abstract. An inventory of the carabid fauna was carried out in two post-industrial areas in central Poland. The two areas studied were a heap of ash generated by a power station and a colliery spoil heap. In each area sites of different ages were investigated using pitfall traps over an eight year period from 2004 to 2011. At the end of this period each of the youngest sites was as old, or even older, than the next oldest site studied in each area. A pine forest growing on natural soil close to the ash heap was included as a reference study site. Changes were described in terms of the numbers of species and individuals, total biomass, Mean Individual Biomass of Carabidae (MIB) and the most frequently collected species. Indirect and direct gradient analyses were carried out in order to determine the environmental basis of the major pattern in variation and analyse the relationships with current environmental parameters. During the eight years of this study 5032 individuals of 84 species were collected. Numbers of individuals decreased significantly with the age of the sites on the ash heap and the MIB values increased significantly on both heaps. Changes in the most frequently collected species were more pronounced on the spoil heap, the study sites on which covered a time span of 26 years, than on the ash heap, for which the period was only 11 years. Characteristic species differed on the spoil and ash heaps and numbers of species were lower on the spoil heap. Despite differences in speed of succession at the sites studied, there was a tendency for the MIB to increase after about 9 to 16 years. Indirect and direct gradients analyses confirmed that the stage of succession (age of the study sites) was an important factor determining the carabid assemblages at the sites studied. The results of this study are important for the restoration and management of post-industrial areas.
IntroductIon
Currently there are large parts of the earth' surface that have been considerably altered by human activity, particularly in urban and industrial landscapes, and show a significant loss in terms of green space. In these regions there is a special need for green areas, which are important not only for recreation and improving living conditions for humans, but also as refuges for native species (Mabelis, 2005) . With respect to the latter former industrial areas are identified as important (e.g. Rebele & Dettmar, 1996) . Therefore, even if post-industrial environments are heavily altered by humans, such habitats should be considered when developing plans for protecting species (Lundholm & Richardson, 2010) .
The conservation potential of post-industrial areas has been known for decades (e.g. Johnson et al., 1978; Gemmell & Connell, 1984) . However, in order to utilize this potential it is important to understand the ecological factors and processes affecting these areas. The process that mainly determines the species assemblages on post-industrial areas is succession, which has been extensively studied (e.g. Dunger, 1968; Neumann, 1971; Parmenter & MacMahon, 1987; Majer, 1989; Pflug, 1998; Schwerk et al., 2004; Novák & Konvička, 2006) . Despite the very high heterogeneity of these areas the results of the above studies indicate that succession is often delayed and these areas host many rare and endangered species.
Most studies on succession tackle this task by analyzing study sites of the same type but of varying ages. The sites are chosen in such a manner that any environmental differences between them are minimized as much as possible. However, differences in initial conditions may weaken the comparability of such sites. This problem can be avoided by studying a true time series at a single site. However, long-term monitoring of the changes occurring at a single site is comparatively rare. In the present paper both approaches were used simultaneously. Two different post-industrial areas -a heap of ash at a power station and a colliery spoil heap -were studied. In each area sites of different ages were investigated over a period of eight years. Consequently, at the end of this period each of the youngest sites was as old, or even older, than the next oldest site studied in each area. Thus, succession can be traced at each site over a period of eight years and over the total time span covered by the sites for each heap (ash heap or colliery spoil heap respectively). Additionally, a pine forest growing on natural soil was included as a reference site.
The basic aim of this paper is to trace succession at two post-industrial areas using carabid beetles as indicators (Koivula, 2011) . A preliminary analysis of the data collected in the first three years -2006 (Schwerk & Szyszko, 2008 revealed that succession was delayed at both heaps. Advanced stages of succession at the sites differed from that recorded at the reference site on natural soil. Many species were restricted to particular habitats and stages of succession. Several regionally rare species were detected, on the spoil heap (4 sites). A pine forest on natural soil was used as reference site (Table 1) .
Carabids were collected using pitfall traps (Barber, 1931) . Three pitfall traps were set about 5 m apart at each site. The location of the traps was the same in each year of the study. Traps were glass jars topped with a funnel (upper diameter of about 10 cm) set flush with the soil surface. A roof was suspended a few cm above the funnel and ethylene glycol was used as a killing agent and preservative. Carabids were sampled in 2004 to 2011 from mid/late-April (beginning of May in 2010) to mid/late-October.
Determination and nomenclature of the individuals collected was carried out according to Freude et al. (2004) .
data analyses
For each site the catches of the three traps were pooled. Since in some samples the number of individuals was very low, the data for two consecutive years were also pooled, resulting in four samples for each site.
For each of these samples the numbers of species and individuals, total biomass and MIB were calculated. MIB is calculated by dividing the biomass of all the carabids in a sample by the number of specimens caught. Biomass values for the species recorded are those cited by Szyszko (1990) or obtained using the formula of Szyszko (1983) , which describes the relationship between the body length of a single carabid individual (x) and its biomass (y):
ln y = -8.92804283 + 2.55549621 × ln x For both the ash and spoil heaps the correlation between the changes in numbers of species, numbers of individuals, total biomass, MIB values and numbers of the ten most frequently collected species and ages of the respective sites was tested using Spearman rank correlation (Sachs, 1984) .
In order to study the potential influence of the ash and spoil heaps on succession, Analyses of Covariance (ANCOVA) were carried out with age of the sites as a covariate and numbers of species, numbers of individuals, total biomass, MIB values and numbers of the two most frequently collected species (Calathus erratus, Pterostichus niger) as dependent variables. The initial models included interactions with the covariate, but all non-significant interactions were removed from the final model.
Spearman rank correlations and ANCOVA were carried out using IBM SPSS Statistics v. 21.
The CANOCO for Windows version 4.53 (ter Braak, 1987; ter Braak & Šmilauer, 2002) was used to perform gradient analyses. Indirect gradient analysis was used to obtain information about the environmental basis determining the major pattern in variation (ter Braak & Prentice, 1988) . This was done for the sites on the ash and spoil heaps separately. Results for both heaps and the control site on natural soil were included in a direct gradient analysis, in order to analyse the relationships with environmental parameters (ter Braak & Prentice, 1988) . Age of the sites, year of especially in young stages of succession, on both heaps. The present paper is based on data enlarged by a further five years, which enabled me to compare in detail changes in succession that occurred at each heap and site, including that of individual species, and determine the effect of time and site characteristics on the changes. In order to achieve this I studied changes in basic parameters of the carabid fauna (numbers of species, numbers of individuals, total biomass) and in the numbers of the ten most frequently collected species at each of the heaps studied. The stage of succession was determined by using the Mean Individual Biomass of Carabidae (MIB) as a synthetic indicator (Szyszko, 1990; Szyszko et al., 2000) . This method assumes an ongoing process of ecological succession during which the MIB of carabid conenoses increases, because small species of open areas are replaced first by eurytopic and later by stenotopic forest species. The latter species are the largest and heaviest (Szyszko et al., 2000) . MIB has been frequently used for assessing the state of succession in a habitat (e.g. Szyszko et al., 1996 Szyszko et al., , 2000 Serrano & Gallego, 2004; Schwerk et al., 2006; Cárdenas & Hidalgo, 2007; Šerić Jelaska et al., 2011) . Additionally, indirect and direct gradient analysis was used to obtain information about the environmental determinants of the major pattern in variation and analyse the relationships with current environmental factors (ter Braak & Prentice, 1988) . The results were used to test the following hypotheses: (1) Succession at the study sites should in particular be expressed in terms of a change from species typical of for young sites (open habitat species) to those typical of advanced stages of succession (forest species) as well as an increase in MIB values; (2) Species characteristic of specific stages of succession differ at the two areas; (3) Initial environmental conditions at the sites affect the speed of succession; (4) Stage of succession (age of the study sites) is a major factor in the ordination of species and sites compared to type of heap and year of sampling.
MAterIAl And Methods study areas and collecting methods
The study areas are located in central Poland close to the city of Bełchatów. The industrial activity at Bełchatów consists of mining for brown coal and using it to produce electricity, which resulted in two heaps of waste material, one of stony material produced during the mining process and a second of ashes produced by the power station. Eight sites were sampled on different old parts of the ash heap (3 sites) and in pine stands of different ages sampling and type of heap were included as environmental variables, with the latter two defined as nominal variables. DCA and DCCA were first used to select the appropriate statistical model based on the longest gradient (Lepš & Šmilauer, 2003) and then Correspondence Analyses (CA) and Canonical Correspondence Analysis (CCA) were carried out. Dominance values (percentage share of the respective species in a sample) for the carabid species at the different sites were used. The analyses were performed using inter-sample distance scaling and Hill's scaling and un-weighted data for each of the species. Because dominance values were used, the data were not transformed. The significance of the individual environmental variables included in the CCA was tested using Monte Carlo permutation tests (unrestricted, 1999 permutations) first for each variable separately and then using automatic forward selection of variables (reduced model) (ter Braak & Šmilauer, 2002) .
results

General results
Altogether, 5032 individuals of 84 species were collected ( Table 2 ). The four most frequently collected species Calathus erratus (1270 individuals), Pterostichus niger (1087 individuals), Carabus arvensis (743 individuals) and Harpalus flavescens (495 individuals) accounted for more than 70% of all the carabids collected. Calathus erratus and Pterostichus niger were collected regularly on both heaps, whereas Harpalus flavescens was collected almost exclusively on the ash heap and Carabus arvensis almost exclusively in the pine forest on the reference site.
At each site fluctuations in numbers of individuals and more moderate fluctuations in species numbers were recorded. Consequently, there were also noticeable fluctuations in total biomass.
changes in basic parameters and numbers of the most frequently collected species
Numbers of species and total biomass did not change significantly with increasing age of the sites sampled on both heaps. The number of individuals collected on the spoil heap did not change significantly with age but decreased significantly with increase in age on the ash heap (r = -0.706, p < 0.05).
On the ash heap MIB values increased significantly with age (Fig. 1a , r = 0.747, p < 0.01). This trend was recorded at all three sites studied. Only two MIB values surpassed 100 mg, the values recorded in 2010/11 for 3B (18/19 years old) and 1B (14/15 years old). The latter had the highest MIB value recorded, 146.5 mg. MIB values increased faster at study site 1B compared to 2B and 3B, which showed little differences. A significant increase in MIB with age was recorded also on the spoil heap (Fig. 1b , r = 0.649, p < 0.01). The young study sites, 5B and 6B, showed an On the ash heap, on which the age of the study sites covers a time span of 11 years (Table 3) , the ten most frequently collected species made up 85.7% of all individuals caught. The youngest of the study sites were dominated by Harpalus flavescens, Calathus erratus and Amara spreta. The number of these species and those of Calathus ambiguus decreased significantly with increase in the age of the study sites. Species that showed a non-significant preference for young sites were Synuchus vivalis, Calathus melanocephalus and Harpalus rufipes, whereas Syntomus truncatellus and Panagaeus bipustulatus showed no preference. The numbers of Pterostichus niger increased significantly with increase in age of the sites.
On the spoil heap the ten most frequently collected species made up 81.9% of all the individuals caught. Since the age of the study sites covered a time span of 26 years, the changes in carabid species were much more pronounced (Table 4) . Calathus erratus, Amara aenea, Harpalus anxius and Harpalus rubripes dominated the young sites (statistically significant for Calathus erratus). With the exception of Calathus erratus, which was collected in higher numbers on sites of up to 16 years old, these species were almost completely absent from sites seven years old and older. Pterostichus niger was collected in higher numbers on older sites (from about 14 years), but was also frequently present on sites of 7 years old and older. Leistus ferrugineus was collected on 14 to 21 year old sites. Carabus violaceus was frequently collected at sites 14 years old and older, whereas the highest numbers of Carabus auronitens, Amara communis and Harpalus xanthopus winkleri were collected at sites aged 18 years or older. The latter three species significantly increased in numbers with increase in age of the sites.
The ANCOVA (Table 5 ) revealed a significant difference in numbers of species, numbers of individuals and total biomass of carabids caught on the spoil and ash heaps. Numbers of individuals, MIB values and numbers of Calathus erratus changed significantly with age of the sites. Yet, with respect to numbers of individuals and total biomass there was a significant interaction between type of heap and age of the sites sampled.
Gradient analyses
The correspondence analysis (CA) revealed for the ash heap (Fig. 2) that the first ordination axis explained 28.4% and the second ordination axis 22.0% of the variation in the dataset. The oldest site 3B is located on the left side of the diagram, whereas sites 1B and 2B are located on the right side and show a shift towards the left side with increase in age of the site. This shift was more pronounced for 1B, which even surpassed site 3B. The first ordination axis of the CA of the sites on the spoil heap (Fig. 3) explained 35.2% and the second ordination axis 17.1% of the variation in the dataset. As on the ash heap, the sites were separated according to their age when the carabids were caught along the first ordination axis, with sites that were young at the beginning of the study located on the right side and those that were older on the left side. The samples collected at 5B and 6B in 2010/11 are shifted towards the left side on the diagram. The older sites, 7B and 8B, are separated along the second ordination axis.
The first canonical axis of the CCA (Fig. 4) explained 15.7% of the variation in species data and 37.2% of that in the species-environment relationship. The second canonical axis explained 12.5% and 30.4%, respectively. The sites were separated along the first ordination axis with respect to age, with young sites (1B, 2B, 3B, 5B, 6B) located on the left side of the diagram and old sites (4B, 7B, 8B) on the right side. Sites 7B and 8B were separated from 4B along the second ordination axis. Age of the sites and type of heap had a stronger influence on the ordination results, whereas the close location of the centroids of the dummy variables representing the years of study indicated only minor differences between the years. Thus, the age of the sites and type of heap account for most of the variance when considered singly (lambda-1 values, Table 6 ). These environmental variables were statistically significant when tested separately and contributed also statistically signifi- Table 1 . Age -age of the sites; Forest, ash and spoil heaps -areas studied; Y10-11, Y08-09, Y04-05 and Y06-07 -respective years of the study.
TAble 6. Results of Monte Carlo permutation tests of the environmental variables tested separately and using automatic forward selection of variables (reduced model). During forward selection of variables "Brown" and "Y06-07" were not added to the model due to collinearity. Lambda-1 -variance explained by the environmental variables separately; Lambda-A -additional variance explained when included in the model using forward selection; Age -age of the sites; Forest, ash and spoil heaps -areas studied; Y10-11, Y08-09, Y04-05 and Y06-07 -respective years of the study. cantly after inclusion to the model at forward selection of environmental variables as revealed by Monte Carlo permutation tests (Table 6) .
dIscussIon And conclusIons
As expected, on both heaps succession occurred (cf. hypothesis 1) in terms of changes in numbers of the dominant species and an increase in MIB values. Analogous changes in species occurring on reclaimed brown coal mining sites are regularly reported (e.g. Mader, 1985; Neumann, 1991; Vogel & Dunger, 1991; Kielhorn & Keplin, 1999) . In particular, Calathus erratus is characteristically present in the pioneer stages whereas Pterostichus niger occurs in a wider range of stages of succession. Characteristic species of the two heaps differ (cf. hypothesis 2), possibly because their environmental conditions differ. For example, Kielhorn & Keplin (1999) report Harpalus flavescens and Calathus ambiguous as dominant species on a newly reclaimed brown coal mining site, which was meliorated by the addition of ash. In the present study, both these species were among the most frequently collected carabids on the ash heap. The effect of the nature of the heap on the species is corroborated by the difference in numbers of species recorded on the two heaps.
Succession in terms of changes in MIB values measured over several years on the sites studied was delayed compared to that recorded for many areas on less disturbed soil, such as pine stands on former arable land (Schwerk & Szyszko, 2011) or beech stands on natural soil (Schreiner, 2011) . This delay is characteristic of many post-industrial sites (e.g. Majer, 1989; Dmowska, 2005) . However, succession at some sites was faster than at others (cf. hypothesis 3). These differences might be due to differences in the initial treatment, i.e. different initial conditions. Thus, studies of succession on sites of different ages have to be analyzed carefully. The time needed for the MIB value to surpass 100 mg might be somewhat longer on the ash than the spoil heap; however, the ANCOVA did not reveal a statistically significant difference in the MIB values for these two heaps. The MIB values of the older sites are low when compared to those of mature stands (e.g. Szyszko, 1990; Skłodowski, 2006 Skłodowski, , 2009 Schreiner, 2011) indicating an incomplete regeneration of the sites. Analogously, a study by Majer (1989) of surface-mine spoils in Illinois shows that the numbers of species of thrips (Thrysanoptera) were still less than that recorded in control areas after 32 years. Delayed succession and incomplete regeneration even after a long period seem to be characteristic of degraded areas (Schwerk, 2008; Schwerk & Szyszko, 2011) . The decrease in MIB values recorded for site 8B may be due to fluctuations in biotic and abiotic factors influencing the carabid assemblage. Magura et al. (2006) report a noticeable influence of several factors in Norway spruce plantations. The particularly low MIB value recorded for this site in 2010/11 is due to an exceptionally high number of individuals of Harpalus xanthopus winkleri collected in 2011.
The distribution of the sites along the first ordination axis for both heaps indicates that the stage of succession is an important factor determining the carabid assemblages (cf. hypothesis 4). Age of the sites was also indicated to be of major importance by the CCA. Accordingly, in the ANCOVA MIB values used as an indicator of succession changed significantly with age of the sites. However, the separation of the old post-industrial sites from the reference site, which was in natural forest, along the second ordination axis in Fig. 4 indicates that the succession on disturbed soils differs from that on undisturbed soil. A study of the pattern in the early stages of succession in terms of re-colonization by arthropods of reclaimed strip mines in Southwestern Wyoming, reports that the ground-dwelling beetle fauna differed in terms of its trophic structure from that of the fauna at undisturbed sites (Parmenter & MacMahon, 1987) .
It is assumed that the results of this study will increase our understanding of succession at post-industrial sites and the potential for using these areas for conservation purposes at a landscape level. As shown by this study, the species assemblages recorded differed at different stages of succession. Thus, this process has to be taken into account when managing such areas to bring about a fast and natural type of succession. For this it is necessary to facilitate succession from the beginning by undertaking reclamation measures, which take into consideration the relationship between the plants to be used and the current state of the environmental factors (Jochimsen, 2001) .
The management of post-industrial areas should also consider the conservation of species diversity. The overall number of species recorded in this study is comparatively high and several species are rare in this region (Schwerk & Szyszko, 2008) . Several studies also show that such sites host valuable species belonging to other taxonomic groups (e.g. Abs et al., 1999; Tropek et al., 2012 Tropek et al., , 2013a . Venn (2013) stresses the importance of establishing artificial habitats as a means of increasing urban biological diversity. Thus, post-industrial areas could be used for conservation purposes. In this respect a fast succession may not be desirable because the rare carabids recorded in this study (Schwerk & Szyszko, 2008) indicate that some sites should be kept at a young stage of succession. That some parts of post-industrial areas should be un-reclaimed in order to support biological diversity has been previously mentioned in the literature (e.g. Mader, 1985; Rebele & Dettmar, 1996; Kielhorn & Keplin, 1999; Barndt et al., 2006; Hendrychová et al., 2008) . Kabrna (2011) and Tropek et al. (2012) favour spontaneous succession over technical reclamation and re-cultivation practices. However, since succession results in a stepwise loss of young stages and habitat homogenization, dynamic management (Rebele & Dettmar, 1996) is required. This should consider the biotopes in the surrounding landscape (e.g. Novák & Konvička, 2006) , dispersal abilities of species and differences in succession on different sites, as reported in the present study. Carabids may serve as useful indicators when managing post-industrial areas.
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